Background. Very small high-resolution displays (SVGA, 800 ؋ 600 pixels) worn near the eye and imaged to create a virtual image have potential as alternatives to traditional computer displays. Methods. Twenty-two subjects performed text-based tasks on five displays: monocular virtual, binocular head-mounted virtual, hard copy, flat panel, and a small format portable display. Outcome measures included performance speed, symptoms, visual acuity, and heterophoria. In a second experiment, subjects performed a proscribed routine of head and body movements designed to elicit motionrelated symptoms. Results. Performance speed on monocular virtual was generally comparable with performances on flat panel and hard copy. Overall, performance speeds on the binocular virtual display were about 5% slower than normalized performances, 6.75% slower compared with the traditional flat panel and hard copy displays. Symptoms of eyestrain and blurry vision were significantly higher on monocular virtual than on other displays. No significant changes in visual acuity or heterophoria occurred with any of the displays. Motion-related symptoms with the head mounted near-eye display were not significantly different than with other displays tested. Conclusions. Performance and comfort on the near-eye displays in this study was more similar to traditional displays than in many previous studies with head mounted displays. This is likely due to lack of task movement, partial instead of full immersion, better display resolution, and concordance of the accommodative and vergence stimuli. (Optom Vis Sci 2002;79:306-312) Key Words: head mounted displays, vision performance, symptoms, computer displays, reading, vision V ery small high-resolution displays are now available that are too small for direct viewing but are viewed through optical systems that create a large viewable virtual image of the display. Such a virtual display can be presented to one eye in a hand-held device, or two such displays can be mounted in a spectacle-type carrier, a form of head mounted display (HMD). Such displays can enable users to view common full-sized electronic files such as web pages and word processing documents if the pixel count is adequate. A near-eye virtual display has potential to be a reasonable functional alternative to reading text from hard copy or traditional computer displays that are viewed in real space. This potential motivated the current study.
V ery small high-resolution displays are now available that are too small for direct viewing but are viewed through optical systems that create a large viewable virtual image of the display. Such a virtual display can be presented to one eye in a hand-held device, or two such displays can be mounted in a spectacle-type carrier, a form of head mounted display (HMD). Such displays can enable users to view common full-sized electronic files such as web pages and word processing documents if the pixel count is adequate. A near-eye virtual display has potential to be a reasonable functional alternative to reading text from hard copy or traditional computer displays that are viewed in real space. This potential motivated the current study.
The purpose of the current study is to measure human performance and comfort on high-resolution (SVGA, 800 ϫ 600 pixels) near-eye virtual displays. Performance and comfort on paragraph reading, letter count, and word search tasks is compared with performance on hard copy, flat panel, and a reduced format handheld computer display. Viewing conditions are equalized to the extent possible but allow for the fundamental differences between the display types.
Reading text is one of the most important human activities and is essential for education, work, and recreation. The overall visual quality of the text can affect human reading performance and comfort. The earliest studies on reading and text quality involved typographical factors in the printing industry 1 and the effects of lighting. 2 Reading performance on computer displays has also been extensively measured. Earlier studies 3, 4 established that reading and proofreading from a cathode ray tube (CRT) display was 20 to 30% slower than performing the same task on printed paper. The CRT had green luminous characters on a dark background and the hard copy was printed on paper and hand held. A subsequent investigation 5 attempted to isolate the variable responsible for the performance difference and concluded it was the result of a combination of variables, with image quality being particularly important.
Improving the quality of an electronic display can also improve performance. Increased pixel density on a CRT screen resulted in significantly faster reading speed and also fewer measured eyerelated symptoms. 6 Another way to improve character appearance is to use gray pixels instead of all black and white pixels, the basis for this is the perceived displacement of a border by a thin gray strip. 7 The use of a gray scale has been shown to significantly improve reading performance and visual comfort. 8 Near-eye displays, the subject of the current investigation, have several differences compared with traditional computer displays. Traditional displays are constrained by their physical size and are typically viewed at 50 to 70 cm from the eyes. The viewing distance of the virtual image in a near-eye display depends upon the optical design and can be selected by the designer. Most commonly, the viewing distance of the near-eye virtual image is significantly longer than for traditional computer displays. Longer viewing distances have been shown to be favorable to visual comfort, 9 supposedly because of decreased accommodative and/or ocular convergence demand. However, the mechanical alignment of the two optical systems in a binocular near-eye display is a critical constraint that is not a factor for traditional real-world displays.
A large difference between virtual (near-eye) and traditional displays is that the virtual display is not fixed in the environment. The binocular HMD moves with head movement, as does a monocular hand-held display if held firmly before the eye. This causes discordance between the visual motion signals and the proprioceptive and vestibular motion signals. This has been shown to cause symptoms of motion sickness in several previous studies of HMDs. 10 -16 In most of those studies, several subjects were unable to finish the trials because of symptoms. Eye and vision-related symptoms have also been reported in several of the studies, 10, 12, 13, 16 as were changes in vision measures after HMD trials. 11, 13, 16 -19 Although these studies have raised considerable concern about the safety and efficacy of HMDs, other studies have not shown significant performance, symptom, or vision changes with HMD, supposedly because of better design. 20, 21 The current study investigated performance and comfort on a hand-held monocular near-eye display and a head mounted binocular near-eye display. The near-eye displays and the tasks used in this study differ in several significant ways from those in the abovementioned studies. 10 -21 Most of those studies used full immersion 10 -16, 18, 21 (no real environment seen), and most also used tasks with moving objects and/or body tracking of some sort to create a virtual environment with which the subject interacted. 10, 11, 13-17, 19 -21 No movement or tracking was used in the current study, and the near-eye devices allowed some peripheral view of the real world, therefore, subjects were only partially immersed in the virtual environment. Also, because of advanced technology, the displays used in the present study had significantly better optical images (800 ϫ 600 pixels, high modulation transfer function optics) than previous studies. They also had relatively large exit pupils. For the hand-held monocular display used in this study, this attribute enabled good flexibility in properly holding the near-eye device in front of the eye. For the binocular near-eye display, this enabled the use of a universal fitting frame and one fixed interdisplay distance to be used for a range of interpupillary distances as in a previous study.
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METHODS
Experiment 1
Subjects were recruited by newspaper advertisements on college campuses. They were screened to meet the following criteria: at least 20/25 visual acuity in each eye uncorrected or with contact lenses, interpupillary distance of 61 to 66 mm (calculated acceptable range for binocular near-eye device), no presbyopia, no history of significant eye pathology, and no current medications other than birth control. Twenty-two subjects (ages 18 -39 years, mean 22 Ϯ 5.9) participated in the study. Subjects signed a consent form approved by a human subjects review board.
Subjects were asked to perform a set of trials; each set comprised four trials of a paragraph reading task, four trials of a letter counting task, and four trials of a word search task. The entire set of trials was performed for each of five display conditions. The five display conditions were monocular virtual, binocular virtual, flat panel, hard copy, and quarter VGA (QVGA). The testing order of the five display conditions was randomized to negate order and practice effects. All text was presented in black-on-white Times Roman 12-point font. Testing was preceded by orientation trials of the tasks.
The monocular virtual display was a hand-held virtual SVGA (800 ϫ 600 pixels) display (e-case by InViso, Sunnyvale, CA) with an occluder for the nonviewing eye. The image distance was 90 cm. Subjects could select either eye to view the screen, were seated at a desk, and able to rest their elbow on the desk for support. The exit pupil of the display system was elliptical, horizontal and vertical dimensions were 11.25 ϫ 6.5 mm at 23 mm behind the back plane of the display. The binocular virtual display comprised SVGA displays with one before each eye in a universal fit head-borne holder similar to spectacles (e-shades by InViso). The image distance of each display and the convergence angle between them was 175 cm. The exit pupil size of each display in binocular virtual was 7.5 ϫ 7.25 mm (H x V) at 23 mm. The flat panel display was an active matrix LCD-XGA 15" display (VDP 150, Viewsonic Corp, Walnut, CA) driven in an SVGA window to enable a nonscaled presentation of an SVGA image. The hard copy display comprised printed text (300 dots per inch (dpi) laser printer) on white paper located on a slant board. Both the flat panel and hard copy displays were viewed on a desk against a neutral wall of 60 cd/m 2 . Subjects had free head movement when viewing the flat panel and hard copy displays, and the seating/desk configuration was arranged so the viewing distance was centered on 58 and 56 cm, respectively, to accomplish the same angular size of the monocular virtual display. The QVGA (320 ϫ 240 pixels) device was an iPAQ Pocket PC (Compaq, Houston, TX). Subjects held the QVGA by hand while seated at a desk and could select a comfortable viewing distance, generally about 12 to 16 inches. Table 1 provides comparison of primary display features.
For the four paragraph reading trials, subjects were instructed to quickly read short story segments of approximately 325 words, each story followed by three to four multiple-choice questions. The questions served to normalize subject attention to the task; answers were not used as an outcome measure.
Four letter counting trials immediately followed the four para- graph reading trials. For each letter counting trial, subjects were asked to count the occurrences of an assigned search letter in a paragraph of nonsense words (all capital letters) randomly generated and organized in a five-line paragraph. The search letter was assigned at the beginning of each trial and selected from a set of letters (D, E, F, H, N, P, R, U, V, Z) each with similar visibility. The search letter occurred 20 to 30 times in each random paragraph. The outcome measure was performance time. Four-word search trials immediately succeeded the four-letter counting trials. For each word search trial, subjects were asked to find three out of four occurrences of an assigned three-letter search word in a 20 ϫ 20 grid created in an Excel spreadsheet. 70% of the cells were occupied by a three-letter word. Four of the cells contained the search word, the subject searched until three occurrences were properly identified. For each search word identified, the subject verbally reported the row (number) and column (letter) of the cell.
For all three tasks performance time was the outcome measure and was measured in seconds with a stopwatch. Hands were not allowed as visual guides during testing. Testing order of the task files (e.g., each specific paragraph reading file) and the display on which each was used was assigned differently across subjects to equalize order, practice, and story difficulty effects. The QVGA display had more frequent line wrap because of fewer pixels than the other displays, therefore paragraph reading and letter counting had more lines for each trial despite showing the same text. The word search task was not performed on the QVGA display because the search grid consumed more than one page.
At the end of testing each display condition (four trials of each task), the subject rated the magnitude of each of the following nine symptoms: headache, eyestrain, sore or irritated eyes, blurry vision, dizziness, nausea, disorientation, neck ache, and backache. Symptom magnitudes were registered on an analog scale presented as a 100 mm horizontal line. The scale was labeled "None" and "Severe" at the ends and "Mild," "Moderate," and "Objectionable" at quartile locations on the line. The subject marked a location along the line at the position representing the symptom magnitude at that moment. The location of the drawn line was measured to translate the symptom magnitude to an integer value from 0 to 100.
Binocular visual acuity using Bailey-Lovie acuity charts 22 was also measured after trial sets on each display. Two different charts were used, and viewing distances of 16, 20, 25 , and 32 feet were randomized to impede chart memorization. The visual acuity charts had five letters per row; each measurement of acuity included rows that could be entirely identified and also rows in which no letters could be identified. Each properly identified letter was recorded and added to an acuity score based upon 100 letters representing visual acuity of 20/20 (logarithm of the minimum angle of resolution [logMAR] ϭ 0.00).
Measurements of binocular alignment (heterophoria) at 40 cm and 3 m were also made at the end of testing each display. Heterophoria was measured by placing an appropriately oriented Maddox Rod before one eye while the subject viewed a card with a scale calibrated in ⌬ of exophoria (outward deviation) and esophoria (inward deviation) appropriate to the testing distances of 40 cm and 3 m. The zero position (orthophoria) in the card had a hole in it behind which a penlight pointed toward the subject. As a result, the subject saw a vertical red line (penlight through Maddox Rod) with one eye and the card with markings with the other eye. The subject reported the number on the scale through which the red line appeared to be aligned. This was recorded as the heterophoria.
Experiment 2
The purpose of experiment 2 was to place subjects at risk for motion-related symptoms while engaged in specific body movement and while wearing the binocular virtual HMD. The same 22 subjects performed experiment 2 immediately following experiment 1.
Subjects performed the same set of body movements with and without wearing the binocular virtual display in alternating order. A paragraph of text was displayed on the screen during testing. Subjects were instructed to indicate verbally when and if, at any time during the testing, they began to experience an increase in any symptoms and/or they could no longer continue testing because of symptoms.
Body movements comprised the following steps: 1. While sitting: rotate the head 45°left and right six times each with a 1 s cadence called by the experimenter, then rotate the head up and down six times similar to the above. 
RESULTS
Performance Speed
Performance time data (s/task) were converted to logarithmic values because performance differences between display conditions are most likely to be in equal ratios between subjects rather than equal linear time differences between subjects. For each subject/ display condition, logarithms of the performance times for the four trials were averaged to establish a mean performance time. For each subject, a normalized performance time for each of the three tasks was established by averaging the mean performance times across the five display conditions. For each subject/display condition, the mean performance time was subtracted from the normalized performance time, resulting in a normalized performance difference with an inverse scale, i.e., positive values represented shorter times. The anti-log of the normalized performance difference was calculated and served as the final measure of performance. Final units are task/s and, because the tasks were of equal length, the final measure is directly related to performance speed. Normalized mean performance speeds, with standard deviations, for each display/task are shown in Fig. 1 .
Performance speed on binocular virtual was slower from 4.7 to 308 Near-Eye Computer Displays-Sheedy and Bergstrom 9.1% compared with flat panel, and 0.5 to 11.7% compared with hard copy. Performance speed on binocular virtual was slower by an average of 6.75% compared with the traditional flat panel and hard copy displays. Paragraph reading performance was slowest on QVGA, whereas letter-counting performance was fastest on QVGA.
Statistical testing, using a 5 display x 3 task repeated measures ANOVA, was performed on the averaged (four trials) normalized logarithm values. The p value for an interaction between display and task was 0.06. Post-hoc comparisons using Tukey's method 23 of multiple comparison found the following: task paragraph reading, hard copy significantly faster than QVGA; task letter counting, no differences between displays; task word search, flat panel significantly faster than binocular virtual.
Symptoms
The mean symptom magnitude measurements for the 22 subjects on each display condition are shown in Table 2 .
The symptom data are not normally distributed because of many ratings of zero. Friedman's test was used to determine if any differences in mean score were present across the five displays. If a significant difference was detected (p Ͻ 0.05), post hoc pair-wise comparisons of the displays were performed using the method described by Conover. 24 Results are in Table 3 . Symptoms of eyestrain and blurry vision were significantly higher on monocular virtual than other displays. Backache symptoms were significantly higher on flat panel compared with most other displays.
Vision Measurements
Across all conditions, the mean visual acuity measurement was Ϫ0.13 logMAR, or 20/16 ϩ 1.7 letters on the 20/12.5 row. This very high acuity average results from binocular measurements and screening for young healthy subjects with at least 20/25 visual acuity in each eye. No trial order effects were discovered in ad hoc analysis of the visual acuity data. Across all conditions, the mean heterophoria measurements were 2.4 and 0.95 ⌬ of exophoria at 40 cm and 3 m, respectively. These values compare favorably with population normative data. 25 Acuity and heterophoria measurements were used to test for changes associated with each display. For each subject, a normalized vision measure for each of the five displays was established by averaging the mean measures across the five display conditions. For each subject/display condition, a relative vision measure was established by determining the difference between the normalized measure and the individual measure. The mean and standard devia- tions of the relative visual acuity measurements and heterophoria measurements are shown in Figs. 2 and 3 , respectively.
The data in Figs. 2 and 3 show the differences in vision measurements to be small compared with the standard deviations. The significance of all differences was tested with the paired t-test. No statistically significant differences in vision measures were determined.
Experiment 2
Subjects were instructed to verbally indicate, at any time during the testing, if there were a noticeable increase in symptoms, or if symptoms became intolerable. No subject chose to make such indication.
Symptom measurements were obtained after body movements with and without wearing the binocular virtual display. The mean symptom magnitudes are shown in Table 4 .
As before, the symptom data are not normally distributed and nonparametric statistical testing was used to test for differences between symptom magnitudes with and without wearing the binocular virtual display. The Wilcoxon signed ranks test (p Ͻ 0.05) for each symptom showed no statistically significant differences between wearing and not wearing the binocular virtual display.
DISCUSSION Performance
The greatest deviation from normalized performance was ϩ6.3% (paragraph reading on hard copy), and the greatest difference between any two displays for a single task was 12.5% (paragraph reading faster on hard copy than QVGA), a difference that was statistically significant. The better performance on hard copy is possibly the result of the increased resolution of a laser-printed image compared with one formed with screen pixels. However, the QVGA display differed from all others tested in this study insofar as the format of the display was different, i.e., there was more frequent line wrap. The increased number of lines (albeit the same amount of text) may have contributed to the poorer performance speed on QVGA. However, it should also be noted that letter counting performance on QVGA was faster then normalized performance by 5.8%, indicating that more frequent line wrap may have assisted the letter counting task. Because of the format difference of the QVGA display compared with the other four displays, performance differences between QVGA and the other displays cannot necessarily be attributed to image quality.
Performance on the monocular virtual near-eye display was good, including second-best performance for paragraph reading and word search. Performance on monocular virtual was generally comparable with performances on flat panel and hard copy, probably reflective of the quality of the virtual image. Performance on the monocular virtual near-eye display was unexpectedly faster on all tasks than on the binocular virtual near-eye display, although the differences were not significant. One explanation for this difference could be the larger exit pupil in the monocular virtual device, and the fact that it was hand held by the subject so that it likely remained relatively centered on the line of sight. In the binocular virtual device, the relationship between the exit pupil and the line of sight of each eye was dependent upon the fitting characteristics of the frame on the face and also upon the interpu- pillary distance of the subject. (The displays in the binocular virtual device had a separation of 63.5 mm, whereas the interpupillary distances of subjects ranged from 61 to 66 mm.) Other factors favoring the monocular virtual display are a 6% larger angular size and a slightly better MTF. The binocular virtual displays were smaller and lighter than the monocular virtual display to better enable them to be worn on the head. Performance speeds on binocular virtual were generally slower than for other displays. Overall, performance speeds on the binocular virtual display were about 5% slower than normalized performances, 6.75% slower compared with the traditional flat panel and hard copy displays. However, the only statistically significant difference was for the word search task for which binocular virtual was slower than flat panel.
The functional significance of the speed differences in the current study can be compared with performance differences measured in previous studies that used similar techniques. 6, 8, 26 -29 Occluding an eye reduces reading and letter counting by 3.7 and 2.0%, respectively. 26 Presbyopic contact lens corrections such as monovision, concentric design lenses, and diffractive design lenses have been shown to reduce task performance by 3 to 8%. [27] [28] [29] Increasing the resolution of a display from 75 dpi to 115 dpi improves reading performance by 17.4%, 6 and using gray scale improves reading performance by 4 to 20% depending on the pixel density. 8 The performance differences measured between displays in this study are similar in magnitude to performance decrements associated with wearing the various forms of bifocal contact lens correction and less than the performance improvements attained with better display images. For perspective, many people successfully wear the bifocal contact lenses, suggesting that the 5% magnitude of decreased speed measured on the binocular virtual display will not present a large problem for many people.
Motion Symptoms and Vision Changes
Motion-related symptoms were significant findings in many previous studies on HMDs, 10 -16 whereas they were not measured to any significant effect in either experiment 1 or 2. Likewise, changes in visual acuity and binocular alignment were not measured in the present study as in previous studies. 11, 13, 16 -19 Several conditions were different in the present study compared with previous studies in which motion-related symptoms and/or vision changes were identified.
One significant difference is that the current study used common work-type tasks. Most previous studies on HMDs 10, 11, 13-17, 19 -21 used video movement or virtual reality tasks in which some form of body tracking created movement on the virtual display. Movement tasks, especially those in which display movement is interactive with body movements, have greater potential to elicit motion-related symptoms than the current study that had no movement on the screen and no interaction with body movement. Several of the previous studies 10, 11, 14 reported the complicating factor of a time delay between body and screen movement that almost certainly contributed to the motion-related symptoms.
Another important difference is that the binocular virtual device in the current study did not have full immersion as the devices in the previous studies.
10 -16, 18 -21 A perimeter arc was used to measure the size of the real-world view while wearing the binocular virtual device. Each of the 22 subjects in this study fixated the center of the binocular virtual display with their head placed in the perimeter arc. The first superior and inferior appearance of a 1°w hite stimulus was measured in the vertical meridian. The mean superior and inferior values were 56°and 76°, respectively, indicating peripheral view of the real-world environment beyond these values. This peripheral view of the real environment provides a veridical sensory reference that can mitigate the sensory mismatch created by nonveridical movement of the virtual image and therefore lessen the risk of motion-related symptoms.
Another difference is that the current near-eye virtual displays had significantly better pixel resolution (2 min/pixel) compared with the previous studies. 10 -21 The binocular virtual near-eye display in the current study also had proper concordance between accommodative and vergence stimuli, such was lacking in some previous studies. Proper interpupillary distance (IPD) was obtained in the current study by selecting subjects with an IPD within the acceptable range of the device (61-65 mm).
In the current study, subjects performed text tasks on static displays and also a short-term task designed to place subjects at risk for disorientation. It is possible, however, that if the near-eye displays were used differently, motion-related symptoms might ensue. Video tasks, longer-term tasks, or tasks with body tracking and body-directed motion on the display have not been tested on these devices. Usage in a darkened room would negate the partial immersion advantage and would also increase the risk of motion symptoms.
Eye and Vision Symptoms
Eyestrain symptoms were significantly higher on monocular virtual compared with all other displays; blurry vision symptoms were also significantly higher on monocular virtual compared with flat panel. For the monocular virtual display, one eye was occluded with an attached plastic occluder that extended across the bridge of the nose to before the unused eye. It completely occluded foveal and most peripheral vision, but some peripheral vision remained, and some illumination of the eye-ward side of the dark plastic occluder occurred. It is possible that monocularity, either by itself or because of the less-than-perfect occlusion, contributed to the increased symptoms with the monocular virtual device. The unsteadiness of a hand-held device may also have contributed to increased symptoms with monocular virtual. Eye symptom ratings were generally higher with the binocular virtual device compared with the other devices (except for monocular virtual), but the differences were not significant.
CONCLUSIONS
In summary, performance speed on the monocular near-eye display used in this study was comparable with flat panel and hard copy displays. Performance speeds with the binocular near-eye display were reduced by about 5% compared with normalized performance and by 6.75% compared with the traditional flat panel and hard copy displays. The most likely reason is because of less-than-optimal alignment of the exit pupils of the displays with the lines of sight. Symptoms of eyestrain and blurry vision were significantly higher on monocular virtual than other displays. This finding may be related to the effects of occluding an eye or handholding the device. No significant changes in visual acuity or heterophoria occurred with any of the displays. Motion-related symptoms with the head mounted near-eye display were not significantly different than with other displays tested. Tasks that involve movement, body tracking, or utilization in a dark environment would increase the risk of symptoms and should be tested.
The better performance and comfort on near-eye displays in this study compared with most previous studies 10 -19 with HMDs is likely due to lack of movement in the task, partial instead of full immersion, better display resolution, and concordance of the accommodative and vergence stimuli. The findings of this study, along with those of Rushton et al. 20 and Peli, 21 indicate that optimizing the display and/or task conditions can enable safe and effective use of near-eye displays.
